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Abstract
A left-right symmetric mirror model restoring parity at a high scale in a way such
that the mirror fermions and mirror gauge sector simultaneously could exist at
TeV scale is discussed. We also provide an ultraviolet completion of the model
with vector-like fermions, and discuss some theoretical and phenomenological
implications of this model.
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1 Introduction
There are two classes of parity restoring models in general. In the first class, the right-
handed degrees of freedom of the standard model (SM) and three right-handed neutrinos
are accommodated in the fundamental representation of the gauge group SU(2)R [1–4]. The
second class of models have mirror fermions in the fundamental representation of the gauge
group SU(2)R instead of the right-handed degrees of freedom of the SM [5–18]. In these
models, the right-handed degrees of freedom of the SM and three right-handed neutrinos
are treated as singlets under the gauge group SU(2)R. The latest phenomenological status of
these models can be found in Refs. [11–14,19–21].
It is quite disappointing that mirror gauge sector of the models having mirror fermions
and mirror symmetries turns out to be extremely heavy. The reason lies in the fact that parity
invariance makes the Yukawa couplings of the SM and mirror sector identical. For instance,
the Yukawa Lagrangian in Ref. [11] with gauge symmetry SU(2)L × SU(2)R × U(1)Y is
LY = Γ
(
ψ¯LϕLψR + ψ¯′RϕRψ
′
L
)
+ H.c., (1)
where ψ′ fermions are mirror counter-parts of the SM ψ fermions. They are singlet under the
SM gauge group SU(2)L and charged under the mirror gauge group SU(2)R. The scalar Higgs
field ϕL is doublet under the SM gauge group SU(2)L, and singlet under the mirror gauge
group SU(2)R. Similarly, scalar Higgs field ϕR is doublet under the gauge group SU(2)R, and
singlet under the SM gauge group SU(2)L. Γ is 3× 3 matrix in family space.
We have not seen these mirror fermions at the Large Hadron Collider (LHC) around TeV
scale yet. The mass of the lightest charged lepton is given as me′ = me〈ϕR〉/〈ϕL〉 where me
is mass of the electron, 〈ϕL〉 = 246 GeV is the vacuum expectation value (VEV) of the SM
Higgs field, and 〈ϕR〉 is VEV of the Higgs field ϕR. Now, for instance, me = 0.511 MeV and
〈ϕR〉 = 5 × 108 GeV, the mass of the lightest charged lepton is m′e = 1038.65 GeV that could
be looked for at the LHC.
Hence, for sufficiently heavy mirror fermions to search at the LHC, we need a large parity
breaking scale around 108 GeV. Hence, mirror gauge bosons corresponding to the gauge group
SU(2)R have masses of order 108 GeV [11, 12]. Moreover, requirement of small neutrino
masses further increases scale of parity breaking. Furthermore, these mirror gauge bosons
are out of the reach of the LHC, and being so heavy may not be able to search in near future.
In this paper, we propose a low scale left-right symmetric mirror model which restore
parity in a way such that mirror gauge sector and mirror fermions can exist simultaneously
at TeV scale. An ultraviolet (UV) completion of this model with vector-like fermions is also
discussed.
We organize this paper as follows: In section 2, we discuss our model. Section 3 has
some theoretocal and phenomenological implications of the model which includes strong
CP problem, dark matter and collider signatures. An ultra-violet completion of the model is
presented in section 4. We conclude in section 5.
2
2 Low scale left-right symmetric mirror model
Our model can be described by the following field transformations under SU(3)× SU(2)L ×
SU(2)R × U(1)Y ′:
lL =
(
ν
e
)
L
∼ (1, 2, 1,−1) , eR ∼ (1, 1, 1,−2);
qL =
(
u
d
)
L
∼ (3, 2, 1, 1
3
) , uR ∼ (3, 1, 1, 4
3
) , dR ∼ (3, 1, 1,−2
3
);
l′R =
(
ν ′
e′
)
R
∼ (1, 1, 2,−1) , e′L ∼ (1, 1, 1,−2);
q′R =
(
u′
d′
)
R
∼ (3, 1, 2, 1
3
) , u′L ∼ (3, 1, 1,
4
3
) , d′L ∼ (1, 1, 1,−
2
3
); (2)
where lL, qL are the SM doublets of leptons and quarks, and eR, νeR, dR and uR are the SM
singlets. l′R, q
′
R, e
′
L, ν
′
eL, d
′
L and u
′
L denote mirror fermions and their quantum numbers. The
field transformations for second and third families are identical to the first family.
The fermionic and gauge fields under parity transform as:
ψL ←→ ψ′R, ψR ←→ ψ′L, WL ←→WR, Bµ ←→ Bµ, Gµν ←→ Gµν , (3)
where ψL is a doublet of the gauge groups SU(2)L, and ψ′R is a doublet of the gauge group
SU(2)R. ψR and ψ′L are singlets under either of them. WL is the gauge field corresponding
to the gauge group SU(2)L, and WR is the gauge field of the gauge symmetry SU(2)R. Bµ
represents the gauge field corresponding to the gauge symmetry U(1)Y . Gµν denotes gluon
field strength tensor.
The spontaneous symmetry breaking (SSB) occurs in the following way:
SU(2)L × SU(2)R × U(1)Y ′ → SU(2)L × U(1)Y → U(1)EM . (4)
The above symmetry breaking pattern is achieved by introducing two Higgs doublets
which transform in the following way under SU(3)c × SU(2)L × SU(2)R × U(1)Y ′:
ϕL =
(
ϕ+
ϕ0
)
L
∼ (1, 2, 1, 1), ϕR =
(
ϕ+
ϕ0
)
R
∼ (1, 1, 2, 1), (5)
and behave under parity as follows:
ϕL ←→ ϕR (6)
Besides doublets, two real gauge scalar singlet fields χ and χ′ are also needed to provide
masses to fermions as discussed later. Singlets scalar fields have following quantum numbers
under SU(3)c × SU(2)L × SU(2)R × U(1)Y ′:
χ : (1, 1, 1, 0), χ′ : (1, 1, 1, 0), (7)
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and their behaviour under parity is described as,
χ←→ χ′. (8)
Fields Z2 Z ′2 Z3
ψR + - ω
χ + - ω2
ψ′L - + ω
χ′ - + ω2
Table 1: The charges of fermionic and singlet scalar fields under Z2, Z ′2 and Z3 symmetries
where ω is the cube root of unity.
For having mirror gauge sector and mirror fermions simultaneously at TeV scale, we note
that fermion-scalar interactions are not governed by any symmetry in the SM and put into
the SM by hand. Their description through the Yukawa operator is a selection. However, it is
possible that these interactions are actually described by dimensional-5 operator.
Hence, for this purpose, a pair of discrete symmetries Z2 and Z ′2 is imposed on the
fermionic fields ψR, ψ′L and scalar singlets χ, χ
′, keeping all other fields even under Z2 and
Z ′2. This is shown in Table 1. Moreover, to protect the stability of the scalar potential from
the hierarchical vacuum-expectation-values (VEVs) of the singlet scalar fields χ and χ′, we
impose an additional discrete symmetry Z3 on the right-handed fermions and singlet scalar
fields.
2.1 Fermion-scalar sector of the model
The discrete symmetries Z2 and Z ′2 forbid the Yukawa operator, and mass term, for instance,
for first family leptons is given by dimensional-5 operator,
Lmass = 1
Λ
[
l¯L (Γ1ϕLχ+ Γ2ϕ˜Lχ) eR + l¯′R
(
Γ′1ϕRχ
′ + Γ′2ϕ˜Rχ
′) e′L] (9)
+
1
Λ
[
ρ1 l¯LϕLϕ
†
Rl
′
R + ρ2 l¯Lϕ˜Lϕ˜
†
Rl
′
R
]
+ H.c.,
where Γi = Γ′i (i = 1, 2) due to parity and, Γi, ρ, σ are 3 × 3 matrices in family space.
ϕ˜ = iσ2ϕ
∗ is charge conjugated Higgs field, and σ2 is the second Pauli matrix. We can write a
similar Lagrangian for other fermions.
We need the pattern of the SSB such that 〈χ′〉 >> 〈ϕR〉 >> 〈ϕL〉 and 〈χ′〉 >> 〈χ〉. This
will result in a mirror gauge and fermionic sector at TeV scale simultaneously. Now, mass of
the mirror counter-part of the electron is me′ ≈ me〈ϕR〉〈χ′〉/〈ϕL〉〈χ〉.
The LHC has searched for mirror fermions, and has excluded them upto 690GeV [22].
However, these searches are model dependent. The CMS collaboration has searched for an
extra W boson and has excluded it upto 4.1 TeV [23]. Hence, being conservative, we can
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Figure 1: A bound on the mass of the lightest mirror charged lepton assuming 〈χ′〉 = 108 GeV,
and 〈χ〉 = ω.
assume 〈ϕR〉 ≥ 4.1 TeV. The SM extended by a real singlet scalar field is studied in Ref. [24],
and range of 〈χ〉 is given between 2.5 GeV to 3075 GeV. Using these numbers, we provide
a rough bound between approximately 500 GeV to 3400 GeV on the mass of the lightest
charged mirror lepton in Fig.1 where we have chosen 〈χ′〉 = 108 GeV. However, this bound
depends on the chosen value of 〈χ′〉. Thus, we observe that remarkably new mirror gauge
and fermionic sector could exist simultaneously around TeV scale.
The Majorana mass term for neutrinos is provided by the following equation:
LνMajorana =
c
Λ
[
l¯cLϕ˜
∗
Lϕ˜
†
LlL + l¯
′c
Rϕ˜
∗
Rϕ˜
†
Rl
′
R
]
+ H.c., (10)
and masses of neutrinos can be recovered through seesaw mechanism.
Now we discuss masses of fermions. They are given by Eq.(9) and (10). For instance, the
Lagrangian for the down type quark and its mirror counter-part can be written as,
Ld = Γd
Λ
(
q¯LϕLdRχ+ q¯
′
RϕRd
′
Lχ
′)+ ρd
Λ
q¯LϕLϕ
†
Rq
′
R + H.c.
=
(
d¯L d¯
′
L
)ΓdvLω2Λ ρdvLvR2Λ
0
Γ∗dvRω
′
2Λ
(dR
d′R
)
+ H.c., (11)
where the mass matrix in general is 6× 6.
The mass matrices can be diagonalized through bi-unitary transformations given as,(
u
u′
)
L,R
=
(
Xu
Yu
)
L,R
(
u
u′
)
L,R
and
(
d
d′
)
L,R
=
(
Xd
Yd
)
L,R
(
d
d′
)
L,R
, (12)
where Xu,d and Yu,d are 3× 6, and CKM matrices are given by VCKM = X†uLXdL and V ′CKM =
Y †uRYdR.
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2.2 Gauge-scalar sector of the model
The gauge-scalar interactions of the model are described by the following Lagrangian:
LGS =
(Dµ,LϕL)† (DµLϕL)+ (Dµ,RϕR)† (DµRϕR) , (13)
where, DL,R are the covariant derivatives given by,
Dµ,L(Dµ,R) = ∂µ + ig τa
2
Waµ,L(Waµ,R) + ig′
Y ′
2
Bµ, (14)
where, τa’s are the Pauli matrices. g is the common coupling of the gauge groups SU(2)L and
SU(2)R. The coupling constant g′ corresponds to the gauge group U(1)Y ′.
The charged gauge bosons masses after the SSB are given by,
MW±L
=
1
2
gvL, MW±R
=
1
2
gvR. (15)
The neutral gauge boson mass matrix in the basis (W 3L, W
3
R, B) is given by,
M =
1
4
 g2v2L 0 −gg′v2L0 g2v2R −gg′v2R
−gg′v2L −gg′v2R g′2(v2L + v2R)
. (16)
The matrix in Eq.(16) can be diagonalized through an orthogonal transformation T which
transforms the weak eigenstates: (W 3L,W
3
R, B) into the physical mass eigenstates: (ZL, ZR, γ);W 3LW 3R
B
 = T
ZLZR
γ
. (17)
The physical masses of the neutral gauge bosons are then written as,
M2ZL =
1
4
v2Lg
2 g
2 + 2g′2
g2 + g′2
[
1− g
′4
(g2 + g′2)2

]
,M2ZR =
1
4
v2R
(
g2 + g′2
) [
1 +
g′4
(g2 + g′2)2

]
, (18)
where  = v2L/v
2
R. Since vR >> vL, we have ignored terms of order O(2) in Eq.(18).
The orthogonal matrix T in Eq.(17) can be parametrized in terms of mixing angle θW
which is given by the following equation:
cos2θW =
(
M2WL
M2ZL
)
=0
=
g2 + g′2
g2 + 2g′2
. (19)
and transformation matrix T can be written as,
T =

−cosθW −
√
cos2θWtan
2θW
cosθW
 sinθW
sinθW tanθW
[
1 + cos2θW
cos4θW

]
−
√
cos2θW
cosθW
[
1− tan4θW 
]
sinθW
sinθW
√
cos2θW
cosθW
[
1− tan2θW
cosθW

]
tanθW
[
1 + tan2θW
cos2θW
cos2θW

] √
cos2θW
. (20)
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We note that the third column of that matrix is unchanged by further terms of order 2 in the
transformation matrix T .
The couplings of the original symmetries and the residual symmetry are related by the
following equation:
g =
e
sinθW
, g′ =
e√
cos2θW
,
1
e2
=
2
g2
+
1
g′2
. (21)
Now, we can define the following hermitian idempotent matrices:
Hu = X
†
uXu and Hd = X
†
dXd, (22)
where dimensions of the matrices Hu,d are 6× 6.
The neutral current Lagrangian can be written as,
uγµ
[
−2
3
eAµ +
g
cos θW
ZµL
(
1
2
HuγL − 2
3
sin2 θW
)
+
g
√
cos2 θW − sin2 θW
cos θW
ZµR
(
−2
3
sin2 θW
cos2 θW − sin2 θW
+
1
2
cos2 θW
cos2 θW − sin2 θW
γR − 1
2
HuγR
)u
+dγµ
[
1
3
eAµ +
g
cos θW
ZµL
(
1
3
sin2 θW − 1
2
HdγL
)
+
g
√
cos2 θW − sin2 θW
cos θW
ZµR
(
1
3
sin2 θW
cos2 θW − sin2 θW
− 1
2
cos2 θW
cos2 θW − sin2 θW
γR +
1
2
HdγR
) d, (23)
where γL = (1− γ5)/2 and γR = (1 + γ5)/2
2.3 Scalar potential of the model
The most general scalar potential of the model reads,
V = −µ2Lϕ†LϕL − µ2Rϕ†RϕR − µ2χχ2 − µ2χ′χ′2 + λ1
(
(ϕ†LϕL)
2 + (ϕ†RϕR)
2
)
(24)
+ λ2ϕ
†
LϕLϕ
†
RϕR + ρ
(
ϕ†LϕLχ+ ϕ
†
RϕRχ
′
)
.
This potential is parity invariant except for mass terms of scalar fields which constitutes a
soft parity breaking. This is required to break parity spontaneously in the gauge sector of
the model such that 〈χ′〉 = ω′/√2 >> 〈ϕR〉 = vR/
√
2 >> 〈ϕL〉 = vL/
√
2 and 〈χ′〉 >> 〈χ〉 =
ω/
√
2. All couplings of the scalar potential are real, and VEVs of the scalar doublets can be
made real through the gauge symmetry. Moreover, we have added soft symmetry breaking
terms in the potential.
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Figure 2: The pair production of the mirror quarks at the LHC and their subsequent decay to
the SM ZL boson and a quark.
3 Strong CP problem, dark matter and phenomenological
signatures
We note that parity is only softly broken symmetry in our model. Therefore, mass matrices,
for instance given in Eq.11, are real. Hence, strong CP phase is zero at tree-level. At one-
loop level, diagrams having neutral scalars or neutral massive gauge bosons in the loop may
generate complex phase in the mass term of the quarks. The traces of the one-loop ampli-
tude of these diagrams depend on the product matrices H†uHu and H
†
dHd. The off diagonal
elements of H†uHu and H
†
dHd are complex. However, daigonal mass terms are real. Hence,
one-loop contribution to the strong CP phase is zero [7]. At two-loop, there are terms in
the traces of two-loop amplitudes which depend on solely on Hu and Hd which already have
complex off-diagonal mass terms. Therefore at two-loops, the strong CP phase is non-zero.
However, this non-zero contribution will be suppressed by a factor of
( 〈ϕL〉〈χ〉
〈ϕR〉〈χ′〉
)2
[7]. Since
〈χ′〉 is expected to be very large, this non-zero contribution to the strong phase is extremely
small. Hence, the model provide a solution of the strong CP problem.
This model may provide multicomponent dark matter. It may be achieved if the mass term
ρd
Λ
q¯LϕLϕ
†
Rq
′
R in Eq.11 is highly suppressed. This suppression may emerge if the renormaliza-
tion scale Λ of our model is very large (for instance, GUT scale) such that Λ >> Mψ′ where
Mψ′ denotes the scale of the mirror fermionic sector. In this case, mirror sector is practically
decoupled from the ordinarry sector, and coupled to the ordinary sector only through the
pure scalar sector. Hence, mirror fermionic and gauge sector may act like dark matter which
is already investigated in literature [25].
In this effective decoupling of the mirror-sector, the two-loop contribution to the strog
CP phase is also effectively zero, and model is equivalent to the model in Ref. [26] where
non-zero contribution to the strong CP phase appears at three-loops, and is extremely small.
Phenomenologically interesting scenario is where Λ is not very large, and within the reach
of the LHC. In this case, there are flavour changing neutral current interactions at tree level
in the model due to the mixing of mirror and ordinary fermions as well as due to vector-like
fermions(to be discussed later). However, these interactions are suppressed by v2L/v
2
R or by
v2L/M
2 where M is the mass of vector-like fermion [27–29]. Hence, low energy phenomeno-
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qL
hL
Q
qR
S
q′R
hR
Q
q′L
S ′
Figure 3: The mass term of the SM and mirror fermions in Eq.(9) after introducing vector-like
iso-singlet fermions. Here, qL, qR and hL are the SM quarks and Higgs boson, q′R, q
′
L and hR
correspond to mirror sector, Q is a vector-like iso-singlet quark, S and S ′ are scalar particles
corresponding to the scalar field χ and χ′.
logical consequences will appear, for instance, in flavour changing neutral current processes
which are highly suppressed in the SM. For example, apart from the SM box diagrams, new
diagrams, having WR in the box, contributing to the ∆F = 2 transitions, of K and B mesons
may place non-trivial constraints on the masses of the new gauge bosons and mirror fermions.
We observe that due to mixing of the SM and mirror fermions, the mirror fermions can
decay into a SM WL or ZL boson in association with a SM fermion. Since mirror quarks can
couple to gluons, for illustration, we show the pair production of the mirror quarks in Fig.2
at the LHC via gluon-gluon and quark-antiquark initial states.
4 Ultra-violet completion of the model
Now we present a UV completion of the model discussed in this paper. For this purpose,
we add one vector-like isosinglet up type quark, one vector-like isosinglet down type quark,
and one vector-like iso-singlet charged leptons. They transform under SU(3)c × SU(2)L ×
SU(2)R × U(1)Y ′ as follows:
Q = UL,R : (3, 1, 1,
4
3
);DL,R : (3, 1, 1,−2
3
);L = EL,R : (1, 1, 1,−2). (25)
The mass term for vector-like fermions can be written as,
LV = MU U¯LUR +MDD¯LDR +MEE¯LER + H.c.. (26)
The interactions of vector-like fermions with the SM fermions are given by,
L′V ff ′ = y′
[
q¯LϕLQR + q¯
′
RϕRQL
]
+ c′
[
l¯LϕLLR + l¯
′
RϕRLL
]
+ H.c. (27)
The interactions of singlet SM and mirror fermions with vector-like fermions are given by,
L′′V ff ′ = y′′
[
Q¯LqRχ+ Q¯Rq
′
Lχ
′]+ c′′ [L¯LlRχ+ L¯Rl′Lχ′]+ H.c. (28)
Now the Lagrangian giving masses of the SM and mirror fermions in Eq.(9) can be realized
as shown in Fig.3. Vector-like fermions are extensively studied in literature [17,27–44].
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4.1 Lepton flavour non-universality
We briefly comment on recently observed anomalies in the flavor-changing neutral current
transition b → sl+l− and their consequences in the model discussed in this work. The first
deviation from the SM is in the optimised observable P ′5 [45] measured by the LHCb of
3.7σ significance [46]. Another interesting observable measured by the LHCb which is hint-
ing the lepton flavour universality (LFU) violation is the ratio RK = BB→Kµ+µ−/BB→Ke+e−
[47]. More interestingly, the LHCb has recently presented their results on the ratio RK∗ =
BB→K∗µ+µ−/BB→K∗e+e− showing significant deviation from the SM lepton-flavour universal-
ity [48]. In the model discussed in this paper, LFU violation enters through mixing of the SM
and mirror fermions and a possible explanation of deviations observed in P ′5, RK,K∗ may be
provided by a contribution due to new heavy vector gauge boson at tree level.
In addition to this, an evidence for an explanation of flavour anomalies in the quark-level
b→ sll¯ transitions comes from a recent nice paper by Botella et al [49]. In this paper, flavour
anomalies in the quark-level b → sll¯ transitions are explained by the FCNC effects of vector-
like quarks and a heavy neutrino. The model presented in this work is in fact has naturally
vector-like quarks U,D and a heavy neutrino N required in Ref. [49]. Hence, an explanation
of flavour anomalies in the quark-level b→ sll¯ transitions in the model discussed in this paper
may be achieved like in Ref. [49].
5 Conclusion
Finally we conclude that the model discussed in this paper restores parity in a way such that
mirror gauge and fermionic sectors can coexist at the same scale. There are many theoretical
and phenomenological implications of the model such as the strong CP problem, dark matter
and LFU violation along with the different collider signatures. A detailed phenomenological
investigation is under progress.
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